Introduction Osteosarcoma
Osteosarcoma (OS) is one of the most common, non-hematologic primary bone tumors. OS can occur at any age but most patients are between 12 and 25 years of age. A second peak occurs above the age of 50 years (29, 63, 93, 145) . The definition of OS is deceptively straightforward. It is a malignant tumor of connective tissue (mesodermal) origin within which the tumor cells produce bone or osteoid. The tumor arises typically in the metaphyseal region of long bones and most frequently metastasizes to the lungs. OS may affect any bone and often produces various kinds of extracellular matrices while displaying different degrees of differentiation. This has led to the practice of sub-classifying OS. A detailed review on its anatomic and histological variations has recently been published (70) .
Most patients with OS have no specific clinical symptoms. However, when present the most frequent symptom is pain, usually present several weeks or months prior to diagnosis. The most frequent presenting clinical sign is a firm and tender mass, often brought to attention to by a minor trauma. Next to the devastating effect of the primary tumor on the musculoskeletal system, lung metastasis eventually causes the patient's death in the vast majority of cases which develop metastatic disease. The diagnosis can be strongly suggested by conventional radiography in about half of the patients while more detailed imaging techniques may be required.
The exact cause of OS remains unknown. OS are tumors with complex unbalanced karotypes and other chromosomal aberrations. During the past decades many genetic and epigenetic factors have been speculated to be linked to the development of OS. What is clear is that numerous inherited syndromes place individuals at heighten risk for OS. Among these are, the Rothmund Thomson syndrome (128, 140) , Bloom syndrome (11) and Li-Fraumeni syndrome (83) . Other abnormalities linked to a predilection for the development of OS include Paget disease and fibrous dysplasia. Furthermore, OS frequently occurs in patients with an inherited mutation in the retinoblastoma gene (Rb), since patients affected with hereditary Rb mutations have a 1000-fold higher change of developing OS (51) .
The current treatment of OS involves an integrated strategy incorporating chemotherapy and surgery. Localized tumors limited to the bone of origin have the best prognosis; 5-year survival varies between 60-75% (4, 89, 90, 98, 124, 134) . Patients with metastatic disease (20% at presentation) are typically treated by surgical resection of the primary tumor. As noted above, bone and lung are the two most common sites of metastases. In the latter case, where possible, treatment consists of thoracotomy for removal of pulmonary metastases, followed by postoperative combination chemotherapy. These patients still have a poor overall two-year survival of 55% (4) . In patients with local recurrences (30% of the patients with OS) survival has been reported as being below 30% (4, 19, 32, 97, 138) .
Despite the fact that introduction of chemotherapy has improved the survival of patients with OS dramatically, there are still patients who cannot benefit from these improvements. Regardless of all the efforts in the field of chemotherapy and aggressive surgery in the past decade, no major changes in treatment and outcome have been achieved. The emerging knowledge of the pathogenesis and genetic abnormities associated with OS has exposed the field to new potential molecular targets. The next challenge is to translate this knowledge into anticancer tools to benefit patients.
Gene therapy using viral vectors can be such a tool. Numerous cancer gene therapy strategies using both viral and non-viral vectors to deliver genetic material have been developed during the past two decades. Furthermore, the increasing knowledge of the viral genome and its function as well as the mechanisms of tumor cell infection and viral replication has led to the development of a novel approach in cancer therapy. Known as virotherapy, which employs the inherent cytopathic activity of candidate viruses to kill tumor cells (Table I) . The current review focuses on the latest developments, efforts and future directions in gene therapy research for OS, with special emphasis on adenovirus targeting strategies and oncolytic viral therapy approaches.
Gene Therapy
Gene therapy relies on the delivery of foreign DNA into human cells. This has led to the engineering of effective and efficient vehicles for transferring genes into cells. The transfer of DNA can be accomplished by non-viral vectors utilizing liposome delivery or DNA protein complexes and by viral vectors. Viral vectors are genetically modified viruses, which are still able to transfer their genetic material to a host cell. The viral vectors used in experimental OS studies include integrating vectors based on retroviruses (Rv) and adeno-associated viruses (AAV), as well as non-integrating vectors based on adenoviruses (Ad), lentivirus and herpes viruses. Following is a brief description of the commonly used vectors for gene transfer described in this review.
Vectors
Non-viral vectors-The simplest method to deliver DNA is by plasmid DNA expression vectors driven by eukaryotic promoters. Nonviral vectors for delivery of DNA can be classified into 2 major types: polymeric delivery systems (DNA polymer complexes) and liposomal delivery systems (DNA entrapped in and/or complexed to liposomes) (114) . Polymeric delivery systems deliver DNA based on the general mechanism of cellular uptake of a positively charged complex owing to electrostatic interaction with anionic DNA. This polyplex can be manipulated to interact with a negatively charged cell surface to maximize DNA uptake. Polymeric matrices with varying properties can be designed by choosing molecules with an appropriate distribution of different molecular weights and degrees of cross-linking of the polymer and by the incorporation of targeting ligands (114) . Alternatively, liposomes are vesicles that consist of an aqueous compartment enclosed in a phospholipid bilayer. DNA can be entrapped inside the aqueous core or complexed to the phospholipid lamellae. Liposome delivery systems can be easily engineered to yield a desired size, surface charge, composition and morphology (114) .
In comparison to viral vectors the transfection efficiency of non-viral vectors is significantly lower. Another drawback is their rapid inactivation in the presence of serum. The major advantage of non-viral vectors lies in the fact that they are generally safer to administer as they will not elicit major immune responses or integrates into the host genome potentially resulting in oncogenic molecular events.
Viral vectors

Retroviral vectors:
Initial gene therapy trials utilized retroviruses as the preferred vectors as their molecular sequencing has previously been well worked out and because retroviruses can integrate into the host genome. The retrovirus is a double stranded RNA virus (12) . Typically the murine leukemia virus (MLV) was used. However the inability of retrovirus vectors to infect non-dividing cells has restricted their potential application (74) . Since retroviruses are capable of integrating into the host genome, they are suitable vectors when the long-term expression of a foreign gene is needed (92) . The main concerns regarding retroviruses remain the accidentally random integration of them into the host chromosome resulting in deleterious and potentially life-threatening effects (131) .
Adeno-associated viral vectors:
Adeno-associated viral vector (AAV) is one of the most commonly used gene delivery systems. It is a small DNA virus belonging to the parvoviridae family. AAV efficiently expresses transgenic DNA in various cell types in many tissues (131) . The disadvantages of AAV are two fold; one is its restricted packaging capacity and the second is its inefficient large-scale production capability. In addition, AAV needs a helper virus for productive viral replication. Furthermore, the pre-existing immunity to human AAV vectors is comparable to adenovirus (131) .
Adenovirus:
The ability of adenoviruses to be grown to a high-titer and to engage in highlevel heterologous gene expression has made human adenoviruses popular gene therapy vectors. Adenoviral vectors used in clinical trials have historically been largely derived from adenovirus serotype 5 that causes mild upper respiratory infections in infants (131) . The wild type adenovirus is a non-enveloped virus containing a single linear fragment of double stranded DNA. Adenoviruses can infect a variety of cell types (127) . However, the use of adenoviruses has been limited as they do not integrate in the host chromosome and endogenously home to their liver. This results in short-term expression of the transduced gene. In addition, adenoviruses may elect a strong immunological response, which can potentially cause harmful effects in patients (20) .
Herpes simplex virus:
The Herpes simplex viruses belong to the family of herpesviridae. They have a relatively large genome size, demonstrate neurotropism and exhibit a latent phase in their life cycle, which allows their genome to remain episomally in the cell nucleus for the lifetime of the host. Features of Herpes simplex viruses include their ability to grow to high titers, their ability to infect non-dividing cells and their ability to successfully package large exogenous inserts (61) . However, when using herpes simplex viral vectors it is difficult to completely eliminate lytic viral gene expression, vector induced cytotoxicity and transient gene expression limiting their usefulness for use in gene therapy (92) .
Lentiviruses: Lentiviruses are a subset of the retrovirus group. Many of the lentivirus vectors used in gene therapy are based on human immunodeficiency virus (HIV) (75) . HIV vectors can accommodate fairly large gene inserts and can provide long-term expression through chromosomal integration. However, in contrast to conventional retrovirus particles, lentivirus vectors can also deliver foreign genes to non-dividing cells. In addition, they can be targeted to hematopoietic cells expanding their value in clinical human therapy trial design (131) . Table  1 summarizes the different viral vectors used for gene delivery.
Rather than focus on different viral vector usage in gene therapy one can also classify approaches based on the transferred genes utilized. Three main strategies for human gene therapy in the OS field can be segregated into mutation compensation of oncogenes or tumor suppressor genes, suicide gene therapy, and immuno-potentiation (see figure 1 ).
Mutation Compensation Gene Therapy
Mutation compensation is based on the idea that a disease results from single genetic alteration. Since this is not the case in cancer, where the disease is the result of a cascade of genetic abnormalities (rearrangements, deletions, frame shifts mutations etc), gene replacement will be theoretically effective when it replaces a gene pivotal in the cancer development cascade, such as p53 or pRb. An exogenously delivered wild type gene thereby restoring its original function to the cell/tissue replacing the mutated or deleted gene. Osteosarcomas are known to have complex unbalanced karyotypes, and the p53 and retinoblastoma (Rb) gene pathways are altered in most cases (33, 48, 91, 94) . These tumor suppressor pathway anomalies provide significant opportunities for compensation of disrupted cell functions in OS tumor cells.
Mutations associated with pRb pathway are the most frequently observed changes in OS (6, 37, 51) . Several groups have tried to restore the pRb pathway by the use of a replicationdeficient recombinant adenovirus vector encoding the full-length pRb (158) or p16INK4A (22) . These strategies were able to suppress tumorgenicity in nude mice. However this treatment was less effective in well-established xenografts. It became rapidly clear that the effect was strongly associated with the presence of functional pRb in the cancer cells, and that the most pronounced effect could be observed in pRb null tumor cells. Moreover, to increase pRb mutation compensation efficacy, improved transfection efficiency and expression of the pRb gene was warranted.
Since p53 alterations are common in OS (17, 35, 99, 100) , restoring p53 function was another attractive target in cancer gene therapy. In several cancer models, p53 gene transfer reduced DNA damage, enhanced induction of apoptosis, inhibited tumor growth and increased survival of tumor-bearing mice (39, 52, 107, 108) . In OS, the group of Phelan et al. (115) delivered functional p53 by the use of herpes protein VP22 in OS cell lines. They showed that this protein efficiently induced apoptosis in p53 negative human OS cells. Moreover in an established OS lung tumor model, nude mice were treated with aerosol delivery of plasmid DNA containing the p53 gene. This resulted in a significant reduction of tumor nodules and in the average size of the tumors (25) . Since SAOS-LM6 was used to develop this tumor model, these results were not entirely unexpected, as SAOS-LM6 cells are derived from SAOS-2, a p53 null line.
Another interesting feature of restoring wild type p53 was an increasing sensitivity of OS cells to chemotherapeutic agents. This improvement in sensitivity was observed in combination with cisplatin (141) and adriamycin (135) . In addition Ganjavi et al. (40) showed that cell viability decreased after treatment with an adenoviral vector encoding p53 and that the sensitivity of the OS cell lines to cisplatin and doxorubicin increased.
Despite the fact that these strategies showed efficacy in vitro and in vivo, the concept of mutation compensation mandates transduction of every tumor cell, in the absence of lateralization or a bystander effect (see below), in order to eradicate a complete tumor population. Furthermore, the application of wild type tumor-suppressor gene therapy on genetically variable OS may only be effective in genetic subgroups of this tumor, reducing but not eliminating the entire tumor population (58) . Alternative gene therapy approaches that are less dependent on the genetic background of the target cell population and with more widespread anti-tumor effects have, therefore, been developed.
Suicide gene therapy
Suicide gene therapy (also called; gene-directed enzyme prodrug therapy, molecular chemotherapy) relies on the capacity of the gene product of a transduced cell to convert a nontoxic prodrug into a toxic compound. This approach has the advantage that not every single tumor cell needs to express this product to eradicate a tumor population, due to the so-called bystander effect. This phenomenon can be explained by diffusion (extracellularly or via gap junctions) of toxic compounds, formed in the transduced cell, to neighboring, non-transduced or transfected cells. Several prodrug-converting enzymes have been extensively studied, including Herpes Simplex Thymidine Kinase (HSV-TK), bacterial cytosine deaminase (CD), carbocylesterase-2 (CE-2), bacterial nitroreductase/CB1954 and cytochrome P450/ cyclophosphamide. The latter two have not been applied to the field of OS and will not be discussed further.
Herpes Simplex thymidine Kinase-The HSV-TK gene is the most widely studied suicide gene therapy system. Expression of the HSV-TK gene confers enhanced tumor sensitivity to nucleoside analogues such as ganciclovir (GCV) and acyclovir (ACV). HSV-TK converts GCV or ACV to their non-phosphorylated form, which is trapped in the cytoplasm and subsequently, becomes further phosphorylated to the triphosphorylated (GCV-3P/ AVC-3P) form by cellular kinases of the host cells. Upon division of the tumor cell, GCV-3P or ACV-3P is incorporated into the cellular DNA, thereby inhibiting DNA replication and RNA polymerase activity, eventually leading to cell death. The HSV-TK/GCV strategy has demonstrated strong anti-tumor activity in numerous tumor models including ovarian carcinoma, malignant glioma, hepatocellular carcinoma and prostate cancer (17, 30, 118, 121, 126, 136) . This system was first tested in OS by Grossin et al. (15) . Using a retroviral vector, they were able to sensitize OS cell lines and generate a strong bystander effect, which for this class of compounds was shown to be due to gap junction-mediated diffusion of the toxic drug to neighboring tumor cells. With the use of ex vivo transduced tumor cells inoculated in xenografts on a rat hind limb, they showed that this system reduced the tumor mass and prevented the appearance of lung metastases (15) . In addition, Ketola et al. studied the efficacy of adenoviral/lentiviral delivery for HSV-TK/GCV gene therapy in OS cell lines and reported sufficient HSV-TK expression yielding both cytotoxicity and a bystander effect (67) . They reported that the cell lines tested were transduced at high efficiency and that HSV-TK expression was comparable to that with adenovirus vectors. However these results were not confirmed with in vivo studies. Although these studies showed anti-tumor efficacy in vitro and in vivo, a major drawback of this approach, from a clinical point of view, was that this antitumor strategy was based on a two-step system approach which was highly limiting in the clinical setting.
Bacterial cytosine deaminase-A second enzyme prodrug therapy is based on the conversion of the prodrug 5-FC to the cytotoxic drug 5-fluorouracil (5-FU) by the enzyme cytosine deaminase. 5-FC is deaminated by CD into the cytotoxic drug 5-FU. Administration of 5-FU causes toxic side effects and high doses are required for tumor response. Designing therapies where CD is expressed in localized areas of cancer is attractive as such treatments could deliver very high local concentrations of 5-FU to tumor sites while avoiding toxic systemic levels. CD genes from Escherichia coli and Saccharomyces cerevisiae have been evaluated and found effective in various experimental animal models for enzyme/prodrug therapy of tumors (62, 66, 102, 109) . The main advantage of CD/5-FC suicide gene therapy is that no cell-to-cell contact is required for the bystander effect, since 5-FU can diffuse in and out of cells by non-facilitated diffusion. A study of Ramnaraine et al. (120) showed that using this suicide gene therapy approach, bone sarcomas in 9 of 10 treated mice could be eliminated. In addition they studied the efficacy of osteoclast precursor cells transduced with the CD gene as a gene delivery system. Their results indicate that transduced osteoclasts could promote killing of cancer cells and that the bystander effect remained present (119) . Despite these encouraging early results it, should be emphasized that in the clinical context of OS this was not seen to be an active agent and other enzyme prodrug therapies were seen to be needed and thus of greater interest.
Carboxylesterase-The third prodrug-converting enzyme that has been incorporated into gene therapeutic strategies is carboxylesterase (CE), which is involved in the conversion of the prodrug CPT-11 to its toxic derivative SN-38. CPT-11 is a semi-synthetic, water-soluble derivative of camptothecin that belongs to the class of topoisomerase I inhibitors. Topoisomerase I acts through stabilization of a drug-induced cleavable complex and formation of irreversible double-stranded DNA breaks which are toxic for the cell. CPT-11 is a prodrug that undergoes de-etherification into the much more potent topoisomerase I inhibitor SN-38. Although SN-38 can be detected in the plasma of cancer patients only minutes after the administration of CPT-11, 90% of the administered CPT-11 is not converted. Conversion of CPT-11 is achieved by carboxylesterase (CE), which has been found in liver and lung (130) . Koijma et al. and Wierdl et al. have shown that certain solid tumors could be sensitized to CPT-11 after adenoviral vector mediated CE gene transfer (72, 152) . Since conversion of CPT-11 to SN-38 in the extracellular space between cells would allow a larger bystander effect than would be possible when relying only on intracellular conversion alone, Oosterhoff et al. constructed an adenoviral vector encoding a secreted from of CE (sCE). This construct was successfully used on cells originating from various tumor types (111) . In the context of OS, adenoviral gene transfer of sCE in combination with CTP-11 treatment delayed OS xenograft growth significantly (113) . Since there are no reported clinical data of SN38 as an active agent for OS, the studies reviewed above have shown this approach to be effective only in the preclinical setting. Thus, the efficacy of SN38 has not yet been shown to be beneficial for patients with OS.
Immunopotentiation gene therapy
The third main gene therapeutic approach to osteosarcoma involved strategies to achieve antitumor immunity. Although tumors display a variety of tumor-associated antigens that can be recognized by T cells, most of them escape host cellular immune surveillance. Two basic approaches have traditionally been utilized: (i) enhancement of tumor cell recognition; and (ii) augmentation of the innate efficacy of the immune system. In the specific context of OS, recently a comprehensive review has been written on this topic by Mori et al. (101) .
Tumor cell recognition can be enhanced by improving tumor antigen presentation by transduction with MHC-class I molecules, or by transferring tumor antigens to antigen presenting (dendritic) cells (36, 105) . In the context of OS, research has also focused on enhancing the efficacy of the immune system. Examples of this approach include; genetically modifying T-lymphocytes to enable their receptors to recognize tumor cells more efficiently, or a general boosting of the immune system by introducing genes coding for cytokines and other co-stimulatory molecules (76, 143, 156) . The cytokine IL-12 is a key intermediary in numerous immune functions including stimulation of T cells and NK cells and the regulation of several key cell adhesion molecules. Specifically, it promotes the production of IFN-gamma by T and NK cells. The mechanisms underlying this anti-tumor activity are incompletely understood but may be related to the ability of IL-12 to both inhibit angiogenesis as well as stimulate T cells and NK cells. The transduction of OS cells with the IL-12 gene reduced the ability of these cells to form lung metastases in nude mice (76, 156) . Aerosol gene therapy with PEI (a liposomal DNA carrier) showed effective gene transfer of IL-12. Mice bearing OS lung metastasis treated with PEI:IL-12 had significant tumor regression (38,64).
Liebau et al. extensively studied immunotherapy strategies using plasmid-mediated gene transfer. The effect of NK-mediated tumor cell lysis in vitro was studied. The results demonstrated that IL-12 can enhance the expression of ICAM-1 in the presence of IFN-gamma and, with IL-18, enhances NK anti-tumor activity (87) . Of the cytokines IL-12, IL-18 and IL-23, the last appeared to be a less effective immuno-therapeutic agent for adjuvant treatment of OS than IL-12 and IL-18 (88).
Co-stimulatory molecules promote T-cell proliferation and cytokine production and thereby induce a more potent anti-tumor immune response. One of the co-stimulatory molecules that are well characterized is B7-1 (CD80). Successful induction of an anti-tumor immune response has been reported in a number of tumor models. Tsuji et al. found that adenovirus-mediated rat B7-1 gene transfer induced expression of B7-1, curative immunity against pre-established primary OS, systemic immunity against pre-established pulmonary metastasis and activation of regional lymph nodes CD4+ T cells (143) . In order to increase the efficacy of this approach, a B7-1/Fas chimeric gene was transferred via an adenoviral vector to OS cells. This resulted in expression, activation of T-cells, apoptosis of OS cells and a stronger inhibitory effect on the development of pulmonary metastasis compared to B7-1 alone (142).
Together, the results of above-described gene therapeutic strategies for treatment of OS have yielded promising results. However, efficient gene transfer to tumor cells has proven to be more difficult than originally foreseen. Moreover, gene delivery to non-target tissue with possible resultant side effects remains an issue requiring attention. In addition, in the adenoviral context, it has become apparent that a major determinant of gene transfer efficacy is the expression of the Coxsackie Adenovirus Receptor (CAR) (8), on target cells' surfaces. It has become evident that CAR expression is limited on tumor cells. This has lead to the practical and biological need to develop new vectors. Strategies to improve these Ad vectors are to target gene delivery to tumor cells thereby also inducing a more tumor specific gene transfer. This field has particular exploded in the context of adenovirus-mediated gene transfer.
Targeting to tumor cells-The broad tropism of adenoviral vectors can be a potential disadvantage, since in cancer gene therapy; more selective gene transfer in specific cell types is warranted. In the context of osteogenesis for example, others have shown the utility of adenovirus-mediated gene therapy in osteoblasts (96, 159, 163) . These studies have shown effective adenovirus transfection ex vivo as well as in vivo in normal bone cells, with minimal toxicity. Therefore in order to establish an effective and safe gene therapy approach, tumor selectivity of the gene transfer or expression is a prerequisite. In addition, retargeting allows for the administration of lower vector dose to achieve a similar therapeutic effect while minimizing the direct cytotoxic effects of adenoviral vectors. Further more retargeting might prevent inadvertent adenoviral transduction into antigen-presenting cells and consequently diminish inflammatory responses to the vector (20) . This retargeting can be achieved by limiting the infection to the tumor cell (transductional targeting) or by limiting the gene expression to the tumor cell (transcriptional targeting).
Transductional targeting-Transductional targeting involves the modification of viral tropism in order to limit infection to certain cell types, and to improve infection efficiency of cancer cells. This can be achieved by redirecting binding of the vector to molecules highly expressed on tumor cell surfaces. This approach has been most widely applied in the context of Ad, as reviewed by Everts et al. (31) . The adenovirus capsid is comprised of three major protein components-the hexon, penton base and fiber/knob. The knob is responsible for binding to the host primary cellular receptor (60) . To enter the cell the adenovirus binds via its binding domain (fiber/knob) to the Coxsackie Adenovirus Receptor (CAR) (8) . Following viral attachment, internalization is accomplished through cellular α v integrins (cell adhesion molecules) (151) . This schematically is depicted in figure 2.
As noted above, studies on various types of tumors have shown that application of adenoviral vectors for cancer gene therapy is hampered by the lack of CAR expression on primary tumor cells (30, 46, 85, 150) . The recognition that CAR deficiency is a nearly universal feature of primary tumors has predicated the need for adenoviral vectors capable of CAR independent gene delivery. Furthermore, to enhance the selectivity of transduction of tumor cells, vectors should be targeted towards specific tumor cell receptors. Selectivity can be achieved by using ligands for cellular receptors or by using antibodies against cellular antigens linked to an antibody against the binding domain of the viral vector. Such complexes; known as bispecific antibodies, were first described by Douglas et al. (30) . An alternative approach was presented by Krasnyck et al. (73) , who incorporated the targeting peptide Arg-Gly-Asp (RGD-4C) into the HI loop of the fiber knob of the adenoviral vector. This peptide sequence is known to interact strongly with α v integrins and RGD-4C modified adenoviral vectors demonstrated highly efficient infection efficiencies on various tumors (23, 78) . These strategies are depicted in figure  3 .
Of the tumor cell receptors, the epidermal growth factor receptor (EGFR) has been studied extensively in the context of redirecting Ad. EGFR is over expressed in a large number of tumors, including head and neck, breast, colorectal, lung, prostate, kidney, ovary, brain, pancreas and bladder carcinomas (69, 99, 100) . Targeting adenoviral vectors towards EGFR was achieved by using a bispecific single-chain antibody (scFv), which targets adenoviral vectors towards tumor cells that express the EGFR (425-s11). The molecular adapter 425-s11 binds to the knob of the adenovirus and to the EGFR on the (tumor) cell membrane (50) thereby increasing transduction efficiency. A comparable approach used a recombinant soluble form of truncated CAR (sCAR) and a ligand targeting EGFR (28) . This approach was found to be effective in meningioma, bladder cancer, pancreatic cancer, squamous cell carcinoma and glioma (10, 27, 46, 147, 150) .
Primary OS are also known to have low or absent expression levels of CAR whereas EGFR is widely expressed on OS. (44, 155) . Ad targeting to EGFR using bispecific 425-s11 improved gene transfer to a panel of primary patient-derived OS cells 10 fold. Moreover, we have shown that enhanced infectability translates to improved cell killing. Using EGFR-targeted suicide gene therapy with an adenoviral vector containing the HSV-TK gene under control of the cytomegalovirus (CMV) promoter (AdCMVHSV-TK) in combination with ganciclovir enhanced the anti-tumor effect on OS cell lines and primary short-term cultures compared to the non targeted AdCMVHSV-TK (155) .
In addition, we showed that the ανβ3 and ανβ5 integrins are expressed abundantly on OS cells and that insertion of an RGD integrin-targeting motif into the adenovirus fiber knob augmented adenovirus infection of primary OS cells by two orders of magnitude. (154) . Alternative molecules that have been proven as useful for redirecting adenoviral attachment and entry and which may be of potential interest to targeting OS, include fibroblast growth factor receptor (47), folate receptor (30), transferrin receptor (157) and vascular endothelial growth factor receptor (34) . Targeting towards the transferrin receptor was shown to be effective in OS: Nakase et al. studied liposome-p53 gene delivery targeted towards transferrin in vitro and in vivo and demonstrated reduced tumor growth of established xenografts (103) .
Transcriptional targeting-Modulating gene expression may also be achieved by delivering genes under the control of an appropriate tissue-or tumor cell type-specific promoter. Several tissue and tumor specific promoters have been reported (reviewed by Haviv et al. (54) such as Survivin, COX-2 and PSA. In OS, the osteocalcin (OC) promoter is of particular interest. OC is a major noncollagenous bone protein whose expression is limited almost exclusively to osteogenic tumors and mature calcified tissue. Osteocalcin is expressed in several solid tumors, including OS (71) . The efficacy and specificity of OC promoter-driven therapeutic gene constructs for treatment of OS were shown in vitro (18) as well as in vivo (18, 132) . In the latter case, 80% of animals bearing subcutaneous OS xenografts that were treated with an adenovirus encoding HSV-TK under the OC promoter (Ad-OC-Tk) survived, and survival rates were 100% when this therapeutic approach was combined with metrotrexate (18) . Furthermore, Ad-OC-TK in combination with ACV was also effective in treating OS lung metastatic disease in mice, as treated animals showed a significant decreased number of tumor nodules, decreased net lung weight, and significantly increased survival rates (132) . Of note is the finding of Pollmann et al. (116) that OS-specific promoters should not only be evaluated for the target cells, but also for neighboring normal tissues. Barnet et al (5) combined transductional and transcriptional targeting by using a bispecific antibody conjugate redirecting towards EGFR and placing the reporter gene under the control of osteocalcin. They demonstrated a higher level of specificity for cancer cells (including OS cell lines) than either approach alone. Despite promising results as described above, OS being a highly mixed morphologic tumor with an unstable and variably mineralized matrix, it is not surprising that OC gene transcription has been shown to be extremely variable. These data should further be interpreted with caution since OC in the cell lines studied was highly expressed whereas, in general, in primary OS expression of OC is generally low. Therefore, the cell lines used in the studies discussed above are not truly representative of the tumor cells in the in vivo situation. Therefore studies using alternative and more tumor specific promoters of the in situ condition are warranted.
Virotherapy
The main difficulties encountered in solid tumor therapy with replication-incompetent viruses, has been the inability to efficiently disperse and infect the majority of tumor cells within the tumor mass. Replication and spread of a virus within a solid tumor could overcome the problem of inefficient cancer cell infection seen with non-replicating viruses. Since viral replication leads to amplification of the input dose of the virus, after tumor cell lysis, these progeny viruses will spread and infect surrounding cells. Several rounds of replication will thus eventually destroy the tumor. This is schematically depicted in figure 4.
This idea of using replication competent viruses for treatment of cancer, originates from the 1950's. Oncolytic viral vectors based on adenovirus, herpes virus, poliovirus, measles and reovirus have all been described as therapeutic agents for various malignancies. In particular, oncolytic adenoviruses have received widespread attention and were rapidly translated from pre-clinical to clinical testing. (69) . Oncolytic adenoviruses, or conditionally replicating adenoviruses (CRAds) with tumor specificity, have been obtained in two ways; 1) by deletions in viral genes encoding proteins that interact with cellular proteins necessary to complete the viral lytic cycle in normal cells, but not in tumor cells, and 2) by placing the control of early viral genes under a tumor specific promoter.
Strategies to Increase the oncolytic potency of CRAds has led to development of a new generation of oncolytic viruses. These generations of oncolytic viruses are combining the cytotoxic effects of the lytic cycle with the delivery of transgenes with established anti-tumor efficacy and are known as armed therapeutic viruses.
Deletion of essential early genes
In the first approach, specific mutations or deletions are made in the E1 region of the adenoviral genome. This region contains two genes, E1A and E1B, which encode proteins required for a productive adenovirus lytic cycle. Bischoff et al. were the first to describe the construction of a CRAd based on a deletion of the E1B-55kDa gene (9) . This gene product was known to bind p53 (in complex with E4orf6), leading to p53 inhibition and/or degradation. In theory, E1B-55 kDa-deleted adenoviruses such as dl1520 (Onyx-015) would not be able to inactivate p53 in normal cells and, as a result, the viral replication cycle would not be completed (56) . In cancer cells lacking normal p53 function, however, replication was predicted to proceed. In this way, replication would be restricted to tumor cells. It now appears that this is not the mechanism by which ONYX-015 achieves selective replication capacity in malignant cells [101] [102] . Nevertheless, this oncolytic adenovirus proved to be very effective in a wide range of preclinical models for various tumor types, including cervical carcinoma, laryngeal carcinoma, colorectal carcinoma, head and neck cancer, and glioma, with reports on complete regression of xenografts tumors and long-term survival (9, 42, 56, 57) .
Employing a similar approach, adenoviruses were engineered to replicate selectively in tumor cells with lesions in the retinoblastoma tumor repressor (pRb) pathway. This was accomplished by deleting 24 bp from the E1A gene, which abolishes the pRb binding capacity of the E1A protein (38, 55) . This adenovirus mutant, known as AdΔ24 or Addl922-947, demonstrated greatly reduced replication in non-proliferating normal cells relative to other gene-deleted and wild type adenoviruses. The anti-cancer efficacy of these agents was confirmed in vitro and in heterotopic xenograft animal models of uman glioma and breast cancer (38, 55) . Of these first generation CRAds only AdΔ24 was studied in the context of OS. Infection of human OS cell lines, primary cell cultures as well as subcutaneous OS xenografts with AdΔ24 demonstrated limited anti-tumor activity at low-doses of the virus. However, when tropism of AdΔ24 was expanded to α v integrins by capsid insertion of the Arg-Gly-Asp motif (Ad5-Δ24RGD), OS cells were killed highly efficiently. Furthermore, intratumoral injections with Ad5-Δ24RGD into established human OS xenografts derived directly from a patient with OS, caused a significant tumor growth delay [88] .
Promoter-driven viral replication
Additional means to achieve tumor selectivity is by transcriptionally regulating the expression of essential early viral genes by using tumor specific promoters. Conditional replication may be enforced on the virus by placing the transcription of replication-essential genes under the control of tumor-specific promoters (133) . The first CRAd developed via this approach was CN706 (CV706) that specifically replicates in prostate-specific antigen (PSA) expressing cells (125) . Based on the same principle, CRAds with the viral essential genes under the COX-2 promoter, the human tyrosine promoter, the midkine promoter and the hTERT promoter demonstrated efficacy in respectively pancreas cancer and gastric cancer (110, 160) , metastatic melanoma (106) pediatric solid tumors (2) and small cell lung cancer (144) . The hTERT promoter-driven CRAd is a possible candidate for OS as telomerase expression is frequently observed in OS and correlates with a poor prognosis (129) .
Another CRAd, which embodies this principle, and of special interest for OS, uses the bone matrix osteocalcin (OC) promoter to drive expression of E1A (AdOC E1a) (95) . Another example of one such replicative agent is the OCaP1; this is a CRAd with the essential genes under the control of OC (7). In 2001, a phase I/II dose escalation and activity study of intravenous injections of OCaP1 for subjects with refractory OS metastases to the lung was proposed. Yamamura et al. exploited this concept to develop a conditionally replicating herpes vector. The calponin (expressed in OS) promoter drives expression of ICP4, a major transactivating factor for viral genes. In vivo data demonstrated that this vector promotes oncolysis in tumor cells and spares normal vascular smooth muscle cells, Furthermore, mice treated with this vector showed replication in the distant non-treated tumor (161) . In order to study oncolytic virotherapy in a large animal model, we (59) developed a nonhuman canine CRAd. Since OS in dogs is virtually identical to human OS this is a valuable model to increase our understanding of sarcomas translate CRAd effectivety to the human situation and provides a unique immunocompetent context. We have advanced our work in this area by demonstrating that chimeric fiber derived from both Canine Adenovirus Types 1 and 2-display novel tropism (43, 137) . Furthermore, we have shown that the canine adenovirus can be fluorescently tagged for use in imaging studies (81) and that novel constructs result in infectivity enhancement of canine OS cells (82) . Lastly, we have discovered that human type 5 Ad can engage in productive replication in canine OS cells, suggesting cross-species CRAd therapy may be possible for OS (139) .
Armed Therapeutic viruses
To enhance therapeutic efficacy, "armed" replicative viruses (ATV), incorporating therapeutic transgenes, have been introduced for cancer gene therapy. These ATVs embody two potential advantages. First, the gene product can enhance the oncolytic capacity; second the CRAd has a very potent level of transgene expression relative to the replication-defective vector counterparts. However, premature cell death during viral DNA replication compromises virus production, therefore timing of apoptosis induction is essential. Increased oncolytic capacity has been shown by van Beusechem et al. The expression of p53 in the E3 region (AdΔ24-p53) exhibited enhanced oncolytic potency compared to the control vector on a majority of tested tumor cell lines and xenografts models (41, 146) . Sauthoff et al. constructed a CRAd that expressed p53 during the late replication phase of an Ad without E3 and showed that the CRAd expressing p53 compared to a wild type CRAd was more effective in tumor cell killing. The approach, which combined oncolytic properties of a CRAd with an anticancer therapeutic gene, was first exploited in the context of HSV-TK in combination with ganciclovir. This approach was shown to be effective and increased oncolytic potency (153) . In addition Conrad et al. showed that the expression of CD (Δ24-hyCD) in combination with 5-FC resulted in improved oncolytic tumor activity compared to the CRAd therapy alone (21) . Furthermore, Oosterhoff et al. designed a CRAd Ad5-Δ24.E3-sCE2, which in combination with CPT-11 showed augmented cytotoxicity against colon cancer cell lines. However, low concentrations of CPT-11 inhibited propagation (112) . Based on these observations we showed with CE/CPT-11 in a non-replicative viral vector against OS, that this might be a promising agent against these tumor cells. The fact that increased oncolytic capacity should not interfere with viral propagation has led to the development of ATVs expressing transgenes with an indirect antitumor activity. An example of those ATVs are Ad5-Δ24TIMP-3 which showed enhanced oncolytic activity on a panel of primary cell cultures and two glioma cell lines compared with the control oncolytic virus AdΔ24Luc (77) .
Toxicity and delivery
Gene therapy is regarded by many as a potential revolution in medicine. This is because gene therapy initially aimed at treating or eliminating the cause of the disease whereas other strategies often treat only the symptoms, signs or sequelae. Thus, gene therapy was received with enormous optimism, suggesting it was a curative strategy for all kinds of diseases including cancer. However, since its introduction several draw backs have hampered progress and acceptance into main-stream therapy. Chief among these is vector related toxicity. A prerequisite for clinical trials is the assurance that appropriate safety standards are met. In close relation to safety issues is the activation of innate immunity to some of the vectors described above (20) . Apart from inducing an acute inflammatory response immunologic stimulation may drastically limit vector transduction efficiency and the duration of transgene expression. Furthermore, availability problems of vectors can be due to lack of no specificity of targeting to tissues, insolubility in water, inability to cross transport barriers in target tissue and rapid clearance from the systemic circulation
Gene delivery
The efficacy of gene therapy is not only determined by the efficiency of the vector itself but also by the efficiency of vector delivery to tumor cells. To date several routes of delivery have been evaluated, including intratumorally, intraperitoneally, intra-arterially and intravenously. Initially, clinical trials were limited to cancers for which intra tumoral injection was feasible in order to maximize safety. In this regard, head a neck cancers and prostate cancer were studied extensively (26,68) (104). Next, intraperitoneal injections were performed in patients with ovarian carcinoma (148) . Since this appeared safe and feasible the next step of intravascular administration was contemplated. The feasibility of vascular delivery to tumors was "unknown territory" due to the innate immunity and neutralizing antibodies in the context of adenovirus and adeno-associated virus. Due to ubiquitous nature of adenovirus, a majority of the human population is exposed to adenoviruses leading to the development of an adenoviral specific immune response (53) . Pre-existing immunity against adenovirus would theoretically significantly reduce the uptake of the vector. In addition, the cellular immune response, mediated through adenoviral specific CD8 positive T cells, eliminate the cells' expressing viral and transgene products (24) . Overall the undesirable acute immune response to viral proteins was considered the main drawback of virus-based gene therapy (13, 14, 16) .
In the context of OS, delivery of gene therapy was seen in the perspective of two problems; destruction of the primary tumor and the need to successfully block or destroy lung metastasis. Since pulmonary metastasis is the key determinant of mortality from OS, delivery, it was rationalized, should be adapted to target these lesions. Further, the nature of these warranted intra-vascular administration. Alternatively, in the context of pulmonary disease aerosolized gene therapy was seen as an attractive administration route (80) . The advantages of this form of administration are the non-invasive means for targeted delivery to the majority of the lung parenchyma; moreover this route of administration was shown to be capable of delivering a high dose to the target site. A final potential advantage of this administration route is the belief that this would result in fewer adverse effectors compared to intra-venous delivery (80) .
Since delivery strategies warrant the availability of representative animal models, two of these should be mentioned. The group of Kleinerman et al. has developed an OS lung metastasis model in which delivery methods and efficacy can be studied extensively (65) . Recently in this model the CRAd Ad-OC-E1a construct was evaluated and showed a significant decrease in tumor nodules. Moreover, normal lung tissue was not affected when using this intravenous administrated vector (84) . In addition, the canine model developed by us (59) should be a valuable model to study delivery in an immune-competent context as canine OS bears a striking resemblance to human OS and thus will be a useful model for testing gene therapy approaches.
Wold and his colleagues have also present evidence for yet another (immunologically intact) animal model to examine adenoviral vectors. In conclusion, delivery methods for OS gene therapy are being developed and pre-clinical evaluation in representative animal models is ongoing and should lead to significant advances in the not to distant future.
Safety issues
The tragic death of an 18 year old patient on an early adenoviral gene therapy trial for transcabamylase deficiency raised serious concerns about the safety of that vector in the context of human disease. From that period Reid et al. summarized the clinical utility of intravascular delivery in cancer patients (123) . Based on those studies, it became clear that adenoviruses could be administrated into the bloodstream at doses that result in gene transduction/ replication. In the case of the young adult patient it became clear that he experienced an acute immune response to the Ad because of a previous infection. More recently other deaths have been reported including an unexplained gene-therapy trial death which raised new questions as one of three individuals enrolled in a trial to treat the rare immunodeficiency disease, chronic granlomatous disease died due to septic shock leading to organ failure (1, 45) .
Next to these tragic events, one of the first success of gene therapy also brought a major tragedy as was reported in 2000 when a group in Paris succeeded in totally correcting Severe Combined Immune Deficiency using a retroviral vector in children, but 2 of the treated children later developed leukemia (49) . SCID is characterized by a total lack of T lymphocytes and natural killer cells, which normally defends the body against infections. The disease was corrected by using a retrovirus containing the normal gene transferred to the patient blood cells which were re-infused. In short, the mechanism of the leukemiogenesis was due to the fact that the integrating normal gene was inserted near an oncogene. In fact, this normal gene could effectively act as an oncogene under the control of the retroviral promoter, further suggesting that the transduced cells were only one mutation away from tumor development. It has thus become clear that gene therapy based therapies have unlocked the potential of treating fatal hereditary disorders heretofore considered untreatable and offers enhanced hope for successful treatment of more complex diseases including OS. However, this carries with it grave ethical questions and obligations concerning the well being of the patient, the impacted family members, as well as the clinical investigators. A comprehensive review on this topic has been written by Arkin et al. (3) . Furthermore, in order to improve the clinical application and safety of gene therapy additional research has been focused on reducing or evading the immune response and enhancing target cell transduction. These strategies have been recently reviewed by Wang et al. (149) .
Conclusions and perspectives
The main challenge to developing novel gene therapies including oncolytic virology therapies for OS will be to combine the expanding knowledge and techniques of molecular biology with modern evidence-based medical anti-tumor treatments. The understanding of OS biology by array data offers the hope of customized information for each tumor, thereby increasing the potential of tumor-specific treatment strategies. The development of valid animal tumor models (most especially the dog) should provide the much-needed means to study new treatment options in a pre-clinical setting. However, it should be recognized there are important limitations regarding the in vitro and in vivo models discussed here. The chromosomal and molecular genetic aberrations in OS are underrepresented in cell culture and xenograft animal models. Therefore, translation of these results to the clinical situation should be performed with reticence. In addition, the natural course of metastatic OS (primarily but exclusively to the lung) represent the clinical challenge. Despite the advent of lung metastatic models (65) the problem of micrometastasis in the clinical situation cannot yet be sufficiently mirrored.
Given these concerns, data presented in the in vitro and in vivo studies described in this article may only be partial translatable to the human condition.
To assess the value of a new treatment modality, it will remain useful and adventagous in the foreseeable future to investigate its efficacy in combination with conventional anticancer agents that constitute standard therapy. This is particularly relevant for clinical development. Conventional chemotherapy for OS often includes cisplatin and doxorubicin. A synergistic anti-tumor effect of CRAds with doxorubicin or cisplatin has been reported previously for other types of cancer (56, 86, 117, 162) and CRAd therapy combined with chemotherapy has already shown promising results in solid tumors in phase I and II clinical trials (68, 79, 122) . Furthermore, the recognition that tumor cells develop genetic mechanisms that override apoptosis caused by chemotherapy damage to their DNA dictates the finding of alternate pathways that would complement therapeutic induction of apoptosis. Therefore, the development of near future clinical trials will be that of gene therapy in combination with chemotherapy, radiation therapy and conventional surgery. The ultimate goal will be to prolong and improve the survival of patients with OS. Despite the fact that the pre-clinical studies discussed above have not yet led to development of advanced human clinical trials, the efforts in this field of cancer research will eventually result in progression towards clinical application for OS. Especially in the context of a rare tumor type such as OS this will surely be in the setting of intense collaboration and continuous joint efforts between scientists and clinicians to complement current treatment strategies. schematic presentation of CRAd infection, replication tumor cell lysis and lateral spread 
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